Abstract Organisations usually construct personnel rosters under the assumption of a deterministic operating environment. In the short term, however, organisations operate in a stochastic environment as operational variability arises. This variability leads to the occurrence of unexpected events such as employee absenteeism and/or a demand for personnel that is higher or lower than expected. In order to deal with these uncertainties, organisations need to adopt proactive and reactive scheduling strategies to protect the personnel roster and to respond to this operational variability, respectively. In this paper, we discuss a proactive approach that exploits the concept of employee substitutability to improve the flexibility of a personnel shift roster to respond to schedule disruptions. We propose a pre-emptive programming approach to construct a medium-term personnel shift roster that maximises the employee substitutability value. Moreover, we assess different proactive strategies to introduce robustness with respect to the definition and formulation of employee substitutability and different reactive strategies that impact the decision freedom for schedule recovery. The robustness of the generated personnel shift rosters is evaluated using a three-step methodology of roster construction, daily simulation and optimisation, and evaluation.
Introduction
Organisations often face a degree of uncertainty during their operations. Van den Bergh et al. (2013) distinguish three sources of operational variability, i.e. uncertainty of demand, uncertainty of capacity and uncertainty of arrival. This operational variability may disrupt or have a negative impact on the execution of the operations of an organisation. As a result, the impact of uncertainty needs to be considered in order to attain the desired service level in such a way that the associated costs are minimised and the employee satisfaction is optimised. Personnel costs significantly contribute to the operating costs of organisations (Ernst et al. 2004b ; Van den Bergh et al. 2013) and employee satisfaction is an important objective in personnel scheduling Pato and Moz 2008; Topaloglu and Selim 2010) . As such, the personnel planner should account for uncertainty in the personnel planning process. This process generally consists of three hierarchical phases where the higher phases constrain the lower phases (Abernathy et al. 1973; Burke et al. 2004) . We distinguish the strategic staffing phase, the tactical scheduling phase and the operational allocation phase. Each phase is characterised by a certain level of decision freedom and uncertainty.
In the staffing phase, long-term capacity decisions that involve the required personnel mix, i.e. the personnel competencies and the personnel budget, are made to meet the (aggregated) service demand. During the scheduling phase, a personnel roster is constructed for a medium-term period by assigning the available personnel resources to specific duties, i.e. working assignments. Given the longer-term nature of these strategic and tactical decisions, the personnel planner is confronted with a certain degree of uncertainty which decreases for lower phases in the hierarchical planning process. As such, these strategic and tactical decisions are made based on a number of assumptions about the future service demand and employee availability. Only in the short-term operational allocation phase, when the roster is executed, up-to-date information about the operating environment is available. In this respect, the personnel planner receives recent and accurate information about the service demand and employee availability. Due to operational variability, this information may differ from the previously made assumptions and disrupt the personnel roster. This uncertainty may force the personnel planner to adjust the original personnel roster in the short term.
In order to manage the impact of this operational variability, a proactive and/or reactive mechanism may be introduced. A proactive mechanism tries to construct a personnel roster in the tactical scheduling phase that is able to absorb unexpected events (Dück et al. 2012) or to improve the adjustment capability (Ionescu and Kliewer 2011) . A reactive mechanism determines the required operational adjustments to the personnel roster to efficiently and effectively restore its workability in response to schedule disruptions. Since hedging against all unexpected events in a proactive way would be very expensive, such a reactive mechanism is indispensable to deal with schedule disruptions. However, reactive changes in response to schedule disruptions are typically limited by feasibility rules, may be very costly and may be at the expense of the personnel. It is, therefore, important to construct robust personnel rosters by considering specific proactive mechanisms that ensure the flexibility of a personnel roster, i.e. the availability of those adjustment possibilities that enable the personnel planner to efficiently recover the personnel roster with a small number of adjustments and a minimal impact on the service level, the personnel costs and the personnel satisfaction.
In this paper, we focus on the personnel shift scheduling problem, which encompasses the assignment of a multi-skilled workforce to cover the shift demand for a medium-term period. We investigate how the short-term adjustment capability or flexibility embedded in the personnel roster may be improved proactively by maximising the employee substitutability value. In general, a substitution exists if an employee can take over the skill-shift assignment of another employee on a particular day. In this respect, we discuss three mechanisms to perform a personnel substitution, i.e. a between-skill substitution, a within-skill substitution and a day-off-to-work substitution. We consider and analyse different ways to define, model and measure employee substitutability. As such, we define employee substitutability on the level of an individual employee and on the group level where the degree of cross-training of the workforce assigned to a particular shift is considered. Moreover, we propose and compare different strategies to model employee substitutability and to measure the number of substitution possibilities and the corresponding employee substitutability value.
We provide guidelines to define the tactical decision process as a better proxy for the short-term operating environment by considering the operational variability. Therefore, we validate the improved roster robustness that is achieved by maximising the employee substitutability value with a three-step methodology. In the first step, a personnel shift roster is constructed by applying a two-phase pre-emptive programming approach to evaluate the trade-off between robustness and the cost of robustness. In the first phase, we construct a personnel shift roster solely considering the objective of cost minimisation. In the second phase, a proactive strategy is applied to hedge against uncertainty as we maximise the employee substitutability value of the personnel shift roster given a restriction on the allowable cost increase on top of the minimum cost corresponding to the minimum cost personnel shift roster. The second step imitates the operational allocation phase for each day of the planning horizon and alternates between a simulation step and a reactive roster adjustment step. In the simulation step, the uncertainty of demand and uncertainty of capacity is imitated, which may lead to schedule disruptions. The reactive adjustment mechanism tries to solve these disruptions and balances supply and demand by allowing certain types of personnel substitutions. In a third step, the robustness of the original personnel shift roster is evaluated based on the planned and expected actual performance. The second and third steps are repeated multiple times to obtain a clear idea of the obtained robustness. Computational experiments are conducted both in a real-life and a full-factorial artificial setting to investigate the impact of different demand profiles.
The remainder of this paper is organised as follows. We give an overview of the relevant literature in Sect. 2. In Sect. 3, we define the three-step methodology, which includes the tactical scheduling phase, the operational allocation phase and the robustness evaluation. We describe different types of employee substitutions and formulate the personnel shift scheduling problem to maximise the employee substitutability value on an individual and group level. In Sect. 4, we define and explain the pre-emptive two-phase approach to construct a medium-term personnel shift roster. The test design, test instances and computational experiments are discussed in Sect. 5. We provide conclusions in Sect. 6.
Literature overview
The personnel management and planning process is extensively investigated in the operations research literature (Burke et al. 2004; Bruecker et al. 2015; Dorne 2008; Ernst et al. 2004a, b; Van den Bergh et al. 2013) . These review papers discuss the personnel shift scheduling problem as one of the most important problems in personnel scheduling. There are many different application areas for the personnel shift scheduling problem such as in manufacturing, airline industry, call centres, healthcare, transportation, etc. Given the multitude of application areas, problem types, forms and formulations and the complex nature of the shift scheduling problem, many exact and heuristic solution methodologies have been proposed in literature to construct personnel shift rosters (Burke et al. 2004; Ernst et al. 2004a, b; Van den Bergh et al. 2013 ). These solution methodologies often utilise some type of decomposition to reduce the size and complexity of the problem (Van den Bergh et al. 2013) . In this respect, a complex problem can be partitioned into a series of smaller and more manageable (sub)problems or phases. These phases solve distinct parts of the original problem and differ in the constraints and/or objectives they consider. Decomposition is applied in solution methodologies such as pre-emptive programming (Topaloglu and Ozkarahan 2004) , branch-and-bound (Trivedi and Warner 1976) , column generation and branch-and-price (Ingels and Maenhout 2015; Maenhout and Vanhoucke 2010) .
The construction of robust personnel rosters is a topic that has received only limited attention in the literature. Given the occurrence of uncertainty in the operational allocation phase, organisations need to apply proactive and reactive strategies to deal with the actual demand and employee availability. A proactive approach builds in a certain degree of robustness in the original roster. This built-in robustness improves both the absorption and adjustment capability of the original roster during the operational allocation phase when unexpected events occur. Thus, according to the literature, robustness involves both stability (Dück et al. 2012) and flexibility (Ionescu and Kliewer 2011) to ensure a stable and high-quality personnel roster (Gross et al. 2017) . Dück et al. (2012) define a stable roster as a roster that has a high absorption capability and consequently exhibits a small number of adjustments when the operating environment changes. According to Ionescu and Kliewer (2011) , a roster is flexible or has a high adjustment capability when there are enough possibilities for schedule changes to efficiently recover from unexpected events. Note that strategies promoting stability have a different focus than strategies promoting flexibility. Both types of strategies can complement each other to increase the personnel roster robustness. In case the inherent flexibility in a roster is small, strategies that promote stability may be introduced to increase the robustness and vice versa.
Different strategies are mentioned in the literature to increase the robustness by focusing on the stability of a personnel roster. A common approach is to include buffers such as time buffers or capacity buffers. Time buffers can be used to deal with uncertain activity durations in project management (uncertainty of arrival) (Hazir et al. 2010) , unexpected delays of tasks in personnel task scheduling problems (uncertainty of arrival) (Dück et al. 2012; Ehrgott and Ryan 2002; Tam et al. 2011 ) and machine breakdowns in job shop scheduling (uncertainty of capacity) (Davenport et al. 2001 ). Capacity buffers occur under different names, among which reserve crew and preferred requirements. The introduction of reserve duties as a means to improve robustness has been widely studied in the airline industry given that unforeseen demand (uncertainty of demand) (Dillon and Kontogiorgis 1999) , employee sickness (uncertainty of capacity) (Dillon and Kontogiorgis 1999; Moudani and Mora-Camino 2010) , technical failures (uncertainty of capacity) (Rosenberger et al. 2002; Sohoni et al. 2006) and unexpected task delays due to adverse weather conditions or unscheduled maintenance (uncertainty of arrival) (Sohoni et al. 2006 ) may lead to severe and costly delays. Similarly, reserve duties are investigated in the context of the railway crew rescheduling problem as a reaction to uncertainty of infrastructure capacity (Potthoff et al. 2010) and in the context of the personnel shift scheduling problem to deal with uncertainty of demand and capacity (Ingels and Maenhout 2015) . Ingels and Maenhout (2015) consider a personnel shift scheduling problem with a homogeneous workforce and aim to improve the stability of a roster by introducing reserve duties. The definition of preferred staffing requirements is another way to install staff buffers. These requirements are higher than the minimum staffing requirements and are typically applied in hospitals (De Causmaecker and Vanden Berghe 2003; Dowsland and Thompson 2000; Topaloglu and Selim 2010) . Moreover, apart from time or resource buffers, it is also possible to improve the robustness by focusing on the teams that perform a sequence of tasks. Tam et al. (2014) study the airline crew scheduling problem and define the concept of unit crewing as keeping crew with different skills and ranks together for as long as possible in a pairing to minimise delay propagations due to uncertainty of arrival in the operational phase.
In contrast, the number of substitution possibilities or swaps is a main indicator for the robustness in crew and aircraft scheduling (Dück et al. 2012) because it is an indication of the roster flexibility. Indeed, a crew and/or aircraft swap is one of the available recovery actions to overcome operational disruptions due to uncertainty of arrival (Abdelghany et al. 2004 (Abdelghany et al. , 2008 Eggenberg et al. 2010; Gao et al. 2009; Ionescu and Kliewer 2011) and uncertainty of capacity (Abdelghany et al. 2004 ). Shebalov and Klabjan (2006) focus on the maximisation of move-up crews. Moveup crews are crews that can be swapped to overcome operational disruptions such as airport shutdowns creating uncertainty of arrival. A crew swap is recognised as a cost-efficient option when disruptions occur. The authors build robust rosters using a two-phase approach by first minimising the crew costs and in a second phase the number of move-up crews is maximised within the limits of an allowable cost increase. The proposed crew rosters are evaluated by generating random disruptions that are solved utilising a recovery module. Ionescu and Kliewer (2011) also introduce swaps in the scheduling phase to improve the flexibility of the original roster to respond to delays caused by weather and aircraft breakdowns (uncertainty of arrival). The authors propose a stochastic optimisation model for which the recourse function represents the benefits of swaps. In contrast to Shebalov and Klabjan (2006) , the focus is more on the utility of a swap in the time-space network rather than a pure maximisation of the number of swaps. This utility depends on the likelihood of delay propagations. The authors evaluate the roster robustness through a scenario-based simulation model and test their approach on real-world test instances. Substitution possibilities can also be obtained through cross-training. Campbell (1999) investigates the impact of the cross-utilisation of employees for different levels of demand variability (uncertainty of demand) and employee cross-training. Similarly, Olivella and Nembhard (2016) determine the optimal level of cross-training in work teams to deal with variations in the demand mix and employee availability.
Problem definition, formulation and methodology
We investigate how the flexibility of a personnel shift roster may be increased as a result of improving the employee substitutability of a heterogeneous multi-skilled workforce in order to recover efficiently from schedule disruptions. In this study, we extend the idea of swaps in a personnel shift scheduling context. Ionescu and Kliewer (2011) and Shebalov and Klabjan (2006) study the concept of swaps in an airline scheduling context as a possible reaction to delays due to arrival uncertainty. A swap is a two-direction mechanism that exchanges duties between employees, i.e. employees that have a later assignment are assigned to an earlier assignment, while the employees from a disrupted assignment are assigned to the later assignment. In airline scheduling, duties may have different start times and durations, which are subject to operational variability. Therefore, it can be useful to swap duties between employees. In the context of a shift scheduling problem, this practice is often not useful because the assigned duties have fixed start and end times. An unexpected increase in demand during a particular shift, for example, does not benefit from a swap between employees because this would not resolve the understaffing. In this case, an employee needs to be reassigned from an overstaffed shift or from a day off to the understaffed shift, i.e. a substitution needs to be performed. Therefore, we study how and to which extent employee substitutions can serve as a proactive methodology to improve the robustness of a personnel shift roster. In this respect, we maximise the employee substitutability value to add flexibility to the decision-making process in the operational allocation phase. The personnel scheduling problem under study, which aims to create an increased flexibility by including employee substitutability in the objective function, is relevant for many application areas to facilitate the recovery from disruptions. An important application lies in employee self-scheduling (Bailyn et al. 2007) where the management typically first proposes a feasible (minimum cost) roster indicating the line-of-work for each individual employee. Subsequently, employees are able to adapt their own schedule. Bailyn et al. (2007) , however, identified that employees are not able to adapt their own schedule taking the stipulated (time-related) rules and regulations into account. In this way, self-scheduling may lead to conflicts or even infeasible schedules that need to be resolved by the employees or the management. The resolution of these conflicts can be executed more effectively and efficiently if employee substitutability is proactively considered when the personnel roster is constructed.
In this paper, we utilise a three-step methodology to validate the impact of employee substitutability on the robustness of a personnel shift roster, i.e.
-In the first step, i.e. the (tactical) scheduling phase, a baseline personnel shift roster is constructed for a medium-term period based upon a proactive strategy. A new objective is included to optimise the employee substitutability. We provide the description and model formulation of the problem under study in Sect. 3.1. -In the second step, we start from the baseline personnel shift roster and imitate the operational allocation phase for each day of the planning horizon. This operational phase consists of a simulation component and a reactive adjustment component. Each day we simulate the uncertainty of demand and the uncertainty of capacity. This simulated operational variability may lead to a different actual demand for staff and unexpected employee absenteeism. In order to solve these schedule disruptions, the personnel roster is adapted by performing certain reassignments or personnel substitutions on the day under consideration. Since the planning horizon is small, the adjustment capability heavily depends on the built-in robustness or flexibility, i.e. the employee substitutability. We describe both components that constitute the operational allocation phase in Sect. 3.2. -In the third step, we evaluate the robustness of the baseline personnel shift roster through a comparison of the planned and expected actual performance of the roster (Sect. 3.3).
The general methodology of validating the proactively obtained robustness by imitating the reactive operational phase is similar to the approach of Abdelghany et al. (2008) , and Ingels and Maenhout (2015) . In the remainder of this paper, a personnel shift roster refers to the set of employee schedules for the complete workforce and an employee schedule represents the line-of-work of an individual employee. This line-of-work indicates for each day whether the employee has a day off or works a particular duty, i.e. a working assignment characterised by the corresponding (skill, day, shift)-combination.
Tactical scheduling phase
We study a general tactical shift scheduling problem that assigns employees to shifts during the scheduling phase. The shift assignments cover multiple categorical skills, which means that employees are fully capable of executing a duty in correspondence with their skills and the individual skills cannot be hierarchically ranked (Bruecker et al. 2015) . The personnel characteristics and shift characteristics are common in personnel scheduling literature (Burke et al. 2004; Van den Bergh et al. 2013 ) and the model can be categorised as AS 2|RV |S||L RG according to the classification of De Causmaecker and Vanden Berghe (2011) . In this phase, we introduce the concept of employee substitutability on the level of an individual employee (Sect. 3.1.1) and on a group level (Sect. 3.1.2). Individual employee substitutability depends on the value and number of substitution possibilities, while group employee substitutability depends on the degree of cross-training of the assigned workforce. Both problems are modelled with a multi-criteria objective function, simultaneously optimising the personnel assignment costs (i.e. the wage cost and preference penalty cost), the understaffing cost and the individual or group employee substitutability value. We utilise the following mathematical notation to include employee substitutability in personnel shift rosters, i.e. 
Notation

Sets
Individual employee substitutability
The consideration of employee substitutability on an individual employee level during the construction of a personnel shift roster entails a maximisation of the weighted sum of the value of substitution possibilities between employees. This means that not only the number of substitution possibilities is taken into account but also the weight of the specific (skill, day, shift)-combinations in the personnel shift roster. Hence, we aim to optimise the number and position of the introduced substitution possibilities for a particular skill. A substitution is defined as the possibility of an employee to take over the assignment of another employee on the same day. We distinguish three different types of substitutions, which are illustrated in Fig. 1 . These types are defined as follows:
(a) A between-skill substitution indicates that a working employee can be reassigned to another skill during the same or another shift on the same day (Fig. 1a) . (b) A within-skill substitution is the potential reassignment of an employee from one shift to another shift within the same skill category (Fig. 1b) . (c) A day-off-to-work substitution consists of the potential reassignment of an employee with a day off to a working shift subject to his/her competencies (Fig. 1c ).
These substitution types are taken into account in the following mathematical model, i.e. 
In this study, we optimise the personnel assignment costs and the understaffing of the minimum staffing requirements (Eq. 1a). Simultaneously, we maximise the employee substitutability value on an individual employee level (Eq. (1b)). The personnel assign- ment costs include the wage cost (c w imd j ) and preference penalty cost ( p id j ) associated with the assignment of an employee to a duty. Note that a lower preference penalty cost indicates a higher willingness to be assigned to that shift Maenhout and Vanhoucke 2010) and that the objective function implicitly optimises overstaffing as a cost is incurred for each duty.
The staffing requirements in Eq. (2) define the number of employees that are required to meet the demand for every skill category, day and shift. This constraint is relaxed by allowing understaffing.
m∈G j∈S
Equation (3) postulates that an employee should be assigned to either a duty or a day off. The minimum rest period between consecutive shift assignments is ensured by constraint (4).
The other time-related constraints include the maximum (Eq. 5) and minimum (Eq. 6) number of hours for every employee. Furthermore, the number of consecutive working assignments is limited by Eq. (7).
Equation (8) ensures that a substitution possibility only exists if the employee possesses the required skill and if the employee does not work that particular assignment.
Equation (9) ensures that there is no substitution possibility with another shift that would violate the minimum rest period with the assignment on the next day (Eq. 9a) or the assignment on the previous day (Eq. 9b).
Equation (10) limits the daily number of substitution possibilities each employee has to offer to and helps to model the way the substitution possibilities are counted.
Equation (11) is a constraint that limits the number of substitution possibilities with respect to a particular shift, day and skill. This constraint helps to model how substitution possibilities should be included in the baseline personnel shift roster.
Constraints (12) embody the integrality conditions. The algorithm to optimise this problem is discussed in Sect. 4. More information on how this model is employed to increase the employee substitutability and to obtain a good proxy of the operational decision phase in the tactical scheduling phase is provided in Sect. 5.1.
Group employee substitutability
We investigate group employee substitutability by requiring an additional number of employees to be on duty that are able to carry out a specific skill on top of the minimum staffing requirements during a particular shift. In line with the research of Campbell (1999) and Olivella and Nembhard (2016) , employee substitutability on a group level is highly impacted by the degree of cross-training of the working employees as a higher number of skilled workers on duty can be obtained in different ways. First, more skilled employees are assigned to the specific duty than minimum required and a capacity buffer is created. The appropriate buffer size and positioning of capacity buffers has been investigated by Ingels and Maenhout (2015) . Second, a higher number of skilled employees is attained by assigning multi-skilled employees to other skillduties during the same shift. The selected option is dependent upon the imposed constraints and the trade-off in the objective function, i.e. the extra wage cost for scheduling an additional duty on top of the minimum staffing requirements versus the cost of scheduling a more expensive multi-skilled worker. As such, the provided group employee substitutability gives an indication of the available between-skill, withinskill and day-off-to-work substitutions in the operational allocation phase. When the additional required number of skilled employees (i.e. the group staffing requirements) is low, a smaller number of workers are on duty and/or the more expensive multi-skilled employees are preferably assigned to a day off. As such, the baseline personnel shift roster embeds a higher flexibility in terms of day-off-to-work substitutions. When the additional required number of skilled employees increases, a higher number of multiskilled workers are assigned and a higher flexibility is introduced in terms of betweenand within-skill substitutions.
We formulate group employee substitutability in the following mathematical model, i.e. Similar to the problem that considers individual employee substitutability (Sect. 3.1.1), we optimise the personnel assignment costs and the understaffing of the staffing requirements (Eq. 13a). Additionally, we minimise the deviation from the desired degree of group employee substitutability, i.e. the shortage in the desired number of employees on duty able to carry out a specific skill (Eq. 13b).
Equation (14) determines the required number of employees on duty with a skill m during shift j on day d, which is the sum of the minimum staffing requirements and the additional group staffing requirements. In contrast to the minimum staffing requirements (Eq. 2), where each employee is accounted to carry out a single duty and skill along with his assignment, the group staffing requirements (Eq. 14) consider the overall number of skilled employees on duty during a particular shift since employees with multiple skills contribute to multiple skill categories. As such, this equation specifies the employee substitutability on a group level and the available degree of cross-training of the assigned workforce.
Note that this equation, which aims to improve the flexibility of the personnel shift roster in a multi-skilled operating environment via an increase of the staffing requirements for a specific skill, is conceptually based on the work of Ingels and Maenhout (2015) . These authors define extra staffing requirements to include reserve duties in a single-skilled operating environment such that the stability of the resulting personnel shift roster is improved.
Apart from the cross-training objective and related constraints, we also include the minimum staffing requirements (Eq. 2) and the time-related constraints imposed on an employee schedule (Eqs. 3-7) in this model.
Constraints (15) embody the integrality conditions.
Operational allocation phase
In this short-term phase, we consider the baseline personnel shift roster on a day-byday basis. In order to imitate this phase, we first simulate the ad hoc variability for one particular day, which potentially leads to unexpected changes in the minimum staffing requirements and employee availability (Sect. 3.2.1). Second, the simulated variability may require adjustments to the baseline personnel shift roster to restore its workability and/or feasibility (Sect. 3.2.2). We repeat these two steps for each day in the baseline personnel shift roster. Moreover, this process of daily simulations and adjustments is executed several times such that we actually investigate multiple scenarios that may occur in reality and have an accurate idea of the expected performance for a particular baseline personnel shift roster. In the computational experiments described in Sect. 5, this process is executed 100 times.
Simulation of operational variability
We imitate the ad hoc variability through a discrete-event simulation of the uncertainty of demand (R w md j ) and the uncertainty of capacity (a id ) for the day under consideration, i.e. the demand and absenteeism are known at the start of day d.
Uncertainty of demand:
We assume that the demand is Poisson distributed (Ahmed and Alkhamis 2009; Ingels and Maenhout 2015; Yeh and Lin 2007) and simulate the minimum staffing requirements for each shift and skill category on day d. The expected staffing requirement (R w md j ) corresponds to the parameter λ of the Poisson distribution.
Uncertainty of capacity:
The uncertainty of capacity is simulated using a Bernoulli distribution for each employee. The probability of absenteeism (P id (X = 0)) determines whether the employee is available (a id = 1) or not (a id = 0). This probability (P id (X = 0)) depends on the basic probability of absenteeism (P(X = 0)) and the number of days the employee has already been unexpectedly absent before day d (Ingels and Maenhout 2015) . The actual probability (P id (X = 0)) for an employee therefore decreases as the number of absent days increases for this employee. The basic probability of absence (P(X = 0)) is 2.44% for organisations in Belgium (SD Worx 2013) , which is consistent with the findings for Europe (European Foundation for the Improvement of Living and Working Conditions 2010) and the USA (Bureau of Labor Statistics 2013).
Operational adjustments
When schedule disruptions occur as a result of the operational variability, the personnel planner needs to efficiently and effectively adjust the assignments of the employees on day d. This means that the disruption should be resolved by executing a number of adjustments in the cheapest way with a minimal impact on the baseline personnel shift roster. The mathematical formulation of this operational decision model is added in 'Appendix'. The recourse structure to deal with schedule disruptions contains the following reactive strategies:
-The reassignment of duties scheduled in the baseline personnel shift roster is the common reactive allocation strategy that is applied for schedule recovery. We consider the following types of reassignments: (a) a between-skill substitution, (b) a within-skill substitution and (c) a day-off-to-work substitution. -The cancellation of duties that are superfluous on top of the actual demand for staff.
Adjustments to the baseline personnel shift roster are allowed as long as all time-related constraints remain satisfied (Eqs. 4-7). The available adjustments therefore depend on the assignments before and after day d. The assignments before day d correspond to the assignments that were previously made in the operational allocation phase. The assignments after day d correspond to the original assignments in the baseline personnel shift roster. Thus, we update the personnel shift roster on day d after the execution of the operational adjustments and repeat the operational allocation phase for day d + 1.
Robustness evaluation
We evaluate the robustness of the personnel shift rosters based on the planned and expected actual performance. The planned performance represents the quality of the baseline personnel shift roster in the tactical scheduling phase. The expected actual performance evaluates the quality of the personnel shift roster after the operational allocation phase. We make a distinction between the worst-case, average and bestcase performance over the different simulated operational scenarios (cf. Sect. 3.2). In this respect, we do not define robustness solely based upon the worst-case scenario as defined by Soyster (1973) . A personnel shift roster constructed for the worst-case scenario is not representative for more realistic operational scenarios. This is due to the fact that too much cost is incurred for extra robustness in the tactical scheduling phase (Bertsimas and Sim 2004) . It is therefore important to find a good balance between the level of conservatism in terms of robustness and the corresponding cost (Bertsimas and Thiele 2006) , which explains why we make use of an expected value criterion to evaluate a baseline personnel shift roster. Table 1 displays the different components and subcomponents based upon which the planned and expected actual performance is assessed.
The planned performance is defined by the planned cost, the planned substitutability value or the planned cross-training, and the planned overstaffing corresponding to the personnel shift roster constructed in the tactical scheduling phase (Sect. 3.1). The 
Planned overstaffing Expected actual overstaffing
planned cost is related to the number of shortages and the total assignment cost, i.e. the wage cost and the preference penalty cost. The planned substitutability value is determined by the value and number of between-skill, within-skill and day-off-to-work substitution possibilities. We define the available cross-training, cross-training surplus and cross-training shortage in Eqs. (16), (17) and (18), respectively. The cross-training surplus (shortage) indicates the surplus (shortage) of skills of the working employees compared to the minimum staffing requirements.
The expected actual performance measures the quality of the personnel shift roster after the execution of the operational allocation phase for each day in the roster. The building blocks comprising the expected actual performance are similar to those of the planned performance but there are important differences. First, the cancelled duties are incorporated in the expected actual cost. Second, instead of listing the number of substitution possibilities for the planned performance, we list the number of adjustments or the utilised substitution possibilities in the operational phase. Since adjustments are made on the level of an individual employee in the operational phase, these metrics are also used to evaluate the personnel shift rosters with optimised substitutability on the group level.
A two-phase pre-emptive programming approach for individual employee substitutability
In the tactical scheduling phase, we propose a pre-emptive programming approach to construct medium-term personnel shift rosters. In this respect, we utilise a two-phase methodology to solve model (1)- (12) as follows, i.e.
-In the first phase, we focus solely on cost minimisation. As such, we construct the minimum cost personnel shift roster by solving the model comprising the cost objective (Eq. 1a), the minimum staffing requirements (Eq. 2) and the timerelated constraints (Eqs. 3-7). Equation (1a) determines the total cost (c total ) of the constructed roster. -In the second phase, we adapt the minimum cost personnel shift roster and focus on the maximisation of the value of individual employee substitutability. We solve a model that consists of the substitutability objective (Eq. 1b), minimum staffing requirements (Eq. 2), time-related constraints (Eqs. 3-7) and substitutability constraints (Eqs. 8-11). Moreover, we add a constraint to limit the total cost (Eq. 19), i.e. the cost of the robust personnel shift roster may not exceed c total × (1 + τ ). This cost constraint enables the management of the allowable cost increase (τ ) and facilitates the investigation of the trade-off between the additional flexibility and the cost of this extra robustness, i.e. the cost difference between the minimum cost personnel shift roster (first phase) and the more robust personnel shift roster (second phase) (Bertsimas and Sim 2004) . 
These two phases are solved separately and result in a personnel shift roster with a maximal employee substitutability value for a given cost of robustness. The first phase is solved to optimality by applying a branch-and-bound procedure with the commercial optimisation software (Gurobi 2014). For the second phase we employ a dedicated procedure to maximise employee substitutability since commercial software fails to provide optimal solutions within a reasonable timeframe (3600 s). The applied procedure consists of a truncated branch-and-bound procedure followed by a branchand-price procedure, i.e.
-The truncated branch-and-bound procedure aims to improve the minimum cost solution by constructing a better incumbent solution. In this respect, a branch-andbound thriving on commercial software (Gurobi 2014) is truncated after reaching a time limit of 120s. This results in a strong upper bound and is input to the branch-and-price procedure to speed up its performance. -Next, we apply a branch-and-price procedure (Ingels and Maenhout 2015; Maenhout and Vanhoucke 2010) to improve the MIP-gap between the lower and upper bound. This procedure is stopped when the MIP-gap shrinks to a value below 0.1%.
Since this gap is very small, we are able to report optimal and/or near-optimal solutions in a reasonable timeframe.
Computational experiments
In this section, we provide computational insight into our methodology to improve the robustness of personnel shift rosters. In Sect. 5.1, we describe the characteristics of the test problem instances and discuss the parameter settings of the optimisation models. We evaluate the planned and average expected actual performance of different strategies to model employee substitutability in Sect. 5.2. In this section, we consider a full-factorial test design that consists of a set of artificially generated test instances. As such, we analyse the impact of different demand profiles and skill possession settings of the workforce to provide specific guidelines to increase the robustness of a personnel shift roster. In Sect. 5.3, we investigate the variability of the obtained results by considering the expected best-case, average and worst-case actual performance to validate the robustness provided by three scheduling strategies for constructing a baseline personnel shift roster, i.e. the minimum cost, individual employee substitutability and group employee substitutability strategy. In order to confirm the delivered robustness in a real-life setting, we focus on test instances with a real-life demand profile. All tests were carried out on an Intel Core processor 2.5 GHz and 4GB RAM. Model (1)- (12) is solved by the proposed pre-emptive programming approach to construct a personnel shift roster with an optimised individual employee substitutability. The average CPU time is 354 seconds with a median of 3.13 seconds. This means that we observe a number of outliers that require a high CPU time to obtain an average optimality gap of 0.0015%. Other models were solved to optimality within smaller CPU times.
Test design
In this section, we provide detailed information on the full-factorial design of generated problem instances (Artificial set) and the characteristics of a set of instances based on a real-life demand profile (Real-life set). In addition, we discuss the underlying parameter settings of the personnel and shift characteristics (Sect. 5.1.1), the constraints (Sect. 5.1.2) and the objectives (Sect. 5.1.3) of the different models.
Personnel and shift characteristics
The artificial test instances consist of 20 employees and have a planning horizon of 28 days, while the real-life test instances consist of a varying number of employees and a 30-day planning horizon. Personnel characteristics-Both sets of instances contain a maximum of 2 skills for each employee. In total, we categorise 11 skill possession settings according to the triplet (m 1 %-m 2 %-m 1,2 %). This triplet indicates the percentage of employees who uniquely possess skill 1 (m 1 %), skill 2 (m 2 %) or both skills (m 1,2 %). We distinguish skill possession settings varying between (50%, 50%, 0%) and (0%, 0%, 100%) with intervals of 5% for m 1 and m 2 and an interval of 10% for m 1,2 . In this respect, m 1,2 % represents the degree of cross-training of the workforce.
Shift characteristics-The artificial and real-life problem instances are characterised by three non-overlapping shifts with specific start and end times. These shifts have a fixed duration of 8 hours and, respectively, start at 6 a.m., 2 p.m. and 10 p.m.
Constraint parameter settings
Time-related constraints-All personnel members can perform only a single working assignment per day (Eq. 3). There is also a minimum rest period of 11 hours imposed between two working assignments (Eq. 4). Furthermore, we include the following time-related constraints with their corresponding parameter values:
-The maximum number of working hours (η w,max i ) is 160 and 168 (Eq. 5) for the artificial and real-life sets, respectively. -The minimum number of working hours (η w,min i ) is 128 and 136 (Eq. 6) for the artificial and real-life sets, respectively. -The maximum number of consecutive working assignments per employee (θ w,max i ) is 5 (Eq. 7) for the artificial and real-life sets.
Note that, in this research study, we want to obtain an unbiased insight into the impact of substitutability on the robustness of a personnel shift roster. To that purpose, we deliberately limit the number of time-related constraints in both optimisation models (1)- (12) and (13)- (15) to have some extra scheduling flexibility and a better match with the minimum staffing requirements. Minimum staffing requirements of the artificial set-We consider a full-factorial design to define the profile of the staffing requirements for the artificial set of test instances. To obtain different demand profiles, we use the complexity indicators designed for the nurse shift scheduling problem (Vanhoucke and Maenhout 2009 ). In their paper, Vanhoucke and Maenhout (2009) define three complexity indicators whose values range between 0 and 1, i.e.
-The Total Coverage Constrainedness (TCC) expresses the ratio between the staffing requirements aggregated over the planning horizon and the theoretical maximum number of possible working assignments (=the number of employees × the number of days). We generate instances with a TCC value of 0.30, 0.40 and 0.50 and distribute these staffing requirements evenly over the two skill categories. -The Day Coverage Distribution (DCD) reflects the variability of the staffing requirements over the days of the planning horizon. A value of 1 indicates maximum variability over the days, while a value of 0 evenly distributes the requirements over the days. We investigate test instances with a value of 0.00, 0.25 and 0.50. -The Shift Coverage Distribution (SCD) reflects the variability of the staffing requirements over the shifts for a single day. Values of 1 and 0, respectively, indicate maximum variability and an even distribution of the staffing requirements over the shifts of a single day. The staffing requirements are generated with SCD values of 0.00, 0.25 and 0.50.
Each combination of values for these complexity indicators leads to a specific demand profile. We generate instances for 27 (3 × 3 × 3) (TCC, DCD, SCD)-combinations and 11 skill possession settings, which implies that we discuss the most significant results over 297 (= 27 × 11) artificial instances. Minimum staffing requirements of the real-life set-We highlight the practical relevance of employee substitutability by extending our test set with a number of instances that consider real-life demand profiles. These profiles are based on the data set of Ikegami and Niwa (2003) , which is also available as a personnel rostering benchmark problem 1 (Brucker et al. 2010) . The authors investigate the nurse shift scheduling problem in Japan and provide lower and upper bounds on the staffing requirements for two teams of nurses with different skills. These lower and upper bounds provide real-life demand profiles for which we investigate different staffing levels. These staffing levels vary between 27 and 67 workers and are based on a TCC value ranging between 0.30 and 0.50. These demand profiles are investigated in conjunction with 11 different skill possession settings, which results in a total of 187 realistic test instances.
Additional group staffing requirements-The parameter R w,+
md j defines the number of skilled employees that are required to be on duty on top of the minimum staffing requirements. This parameter gives an indication of the group employee substitutability as explained in Sect. 3.1.2. In correspondence with Ingels and Maenhout (2015), we define R w,+ md j as a fixed ratio of the minimum staffing requirements (R w md j ) and distinguish a ratio of 0, 25, 50, 75 and 100%. Individual employee substitutability constraints-Constraints (8)-(11) define the employee substitutability in the tactical decision phase. These constraints impose restrictions on the counted number of substitution possibilities in order to obtain a better estimate of the real substitutability in the operational decision phase. The righthand side parameters and β md j allow the definition of different strategies to count the number of substitution possibilities and to position them appropriately. By experimenting with these strategies, we aim to include the best proxy of the operational allocation phase in the tactical decision process to construct a baseline personnel shift roster that embeds a higher flexibility.
Constraint (10) reflects the number of substitution possibilities an employee may offer on a single day and may be defined as follows: -= 1: As a single employee on a particular day may only be reassigned to one other duty in the operational allocation phase, at most one substitution possibility is counted in the tactical scheduling phase. -= |G| × |S|: A single duty or day-off assignment for an employee may offer multiple substitution possibilities to each other feasible (skill, shift)-combination. The maximum number of substitution possibilities is equal to the number of (skill, shift)-combinations.
Constraint (11) reflects the number of substitution possibilities that may be counted per duty, i.e. for a single (skill, day, shift)-combination, and β md j may be defined as follows:
-β md j = R w md j : The number of substitution possibilities is limited to the minimum staffing requirements of the particular duty. This implies that the scheduling of additional and/or excess employees will have no impact on the number of substitution possibilities. -β md j = i∈N x w imd j : The number of substitution possibilities is limited to the number of assigned employees. Hence, each scheduled employee can be substituted by a maximum of one other employee.
-β md j = M: No limitation is imposed on the number of substitution possibilities (with M = a very large number). Each assigned employee can be substituted by an unlimited number of other employees.
Based upon the parameter values of and β md j , different strategies can be defined to count the number of substitution possibilities and to mimic the substitutability in the operational phase. The different counting strategies refer to the set of potential substitution possibilities each assignment for a specific employee may offer. These strategies are displayed in Table 2 and are assessed in Sect. 5.2 for different values of the allowable cost increase (τ ) to obtain insight into the cost of robustness.
Objective function parameter settings
General objective function-The general objective in models (1)- (12) and (13)- (15) is to optimise the costs, i.e. the personnel assignment costs and the understaffing of the minimum staffing requirements (Eqs. 1a and 13a). For these general objective function components, we define the following parameter values, i.e.
-Every employee has a wage cost (c w imd j ) depending on the number of skills this employee possesses (Bruecker et al. 2015) , i.e. 10×1.2 m∈G b im −1 .
-Every employee has a preference penalty cost ( p id j ) that is randomly generated in the range of 1 to 5. -The shortage cost (c wu md j ) is fixed at 20.
The objective to optimise the individual employee substitutability-In order to optimise the employee substitutability on the level of the individual employee, we define a value for the objective function coefficient γ md j (Eq. 1b) based on three different strategies, i.e.
-Strategy 1: Each substitution embodies a fixed value (γ ) independent of the skill category, day and shift (Eq. 20).
-Strategy 2: The weight for a substitution possibility associated with a shift and skill category depends on how the staffing requirements are related to the maximum staffing requirements over all shifts for the skill category on that day (Eq. 21).
-Strategy 3: This strategy calculates the ratio of the staffing requirements for a shift, day and skill category to the maximum staffing requirements over the total planning horizon for the skill category (Eq. 22).
These value strategies try to value the substitution possibilities in such a way that the most valuable, in terms of the expected performance in the operational allocation phase, are added during the construction of the personnel shift roster in the tactical scheduling phase. The objective to optimise the group employee substitutability-In order to optimise the employee substitutability on the group level, we define a value for the objective function coefficient c wu,+ md j (Eq. 13b) that amounts to 25. This value exceeds the cost of a shortage of employees for a skill, day and shift (c wu md j ) to express that it is worse to have a shortage of skills on a group level rather than on the level of an individual employee. Hence, this value accommodates the satisfaction of the additional group staffing requirements defined in Eq. (14).
Comparison of strategies to model employee substitutability
In this section, we discuss and compare the planned and average expected actual performance of different proactive scheduling strategies for the artificial set of instances. In Sect. 5.2.1, we consider employee substitutability on the level of the individual employee and analyse the impact of the cost of robustness for different counting strategies, the value strategies and the substitution types. In Sect. 5.2.2, we consider employee substitutability on a group level and assess the benefits of different sizes of the group staffing requirements.
Employee substitutability on an individual employee level
The constructed personnel shift rosters differ based on the allowable cost increase (τ ) and the applied counting strategies, the value strategies and the impact of the Table 3 The planned cost for different counting strategies and allowable cost increases (τ ) individual substitution types. Unless otherwise stated, we discuss the average results over all demand profiles and skill possession settings. Table 3 indicates the planned cost of the three most relevant counting strategies given different values for the allowable cost increase (τ ). These counting strategies include the most and least restrictive method to count substitution possibilities, i.e. strategy 1.1 and 2.3, respectively. Moreover, we add the counting strategy with the best expected actual performance in the operational allocation phase, i.e. strategy 1.2. Note that all other counting strategies exhibit a performance that can be situated between strategy 1.1 and 2.3.
Impact of the counting strategy and the cost of robustness
It is clear that the impact of the allowable cost increase (τ ) on the planned cost strongly depends on the way the substitution possibilities are counted. In this respect, the planned cost associated with strategy 2.3 rises with the allowed cost increase, while strategy 1.1 results in a stable planned cost. This difference is due to the definition of the corresponding values for and β md j in constraints (10) and (11) (cf. Table 2 ). Counting strategy 2.3 does not impose a limit on the counted number of substitution possibilities for each employee and duty in the constructed baseline personnel shift roster. This number can only be increased by changing the position of surplus duties between shifts or by creating more planned overstaffing or capacity buffers. This results in an increase of the preference penalty cost and/or wage cost and in a larger cost of robustness, i.e. the cost difference between the minimum cost and the more robust personnel shift roster. Counting strategy 1.1 in contrast, has a stringent upper limit on the counted number of substitution possibilities and is therefore not affected by an increase of the allowable cost. As such, the maximum number of substitution possibilities that can be introduced is significantly smaller than for strategy 2.3 and the planned cost remains equal to the cost of the minimum cost personnel shift roster, i.e. τ = 0%. Given the extra flexibility offered by strategy 1.2, the cost of robustness rises due to a small increase in the total assignment cost. This is the result of a change in the assignments to increase the number of substitution possibilities.
The allowable cost increase and the counting strategy have a substantial impact on the expected performance of the personnel shift roster in the operational allocation phase. We display the average expected actual cost of the three counting strategies in Table 4 . Given that the average expected actual cost of the minimum cost personnel shift roster equals 4193.61, this table shows that the counting strategies are able to provide an improvement when the cost of robustness is 0, i.e. τ = 0%.
The significance of this improvement depends on the selected counting strategy. Irrespective of the allowable cost increase (τ ), it is clear that the average expected Table 4 The average expected actual cost for different counting strategies and allowable cost increases (τ ) actual cost and the associated shortages, changes and cancellations are lower when the maximum number of substitution possibilities per duty (β md j ) are restricted to the number of scheduled employees (strategy 1.2). The expected actual cost actually decreases when the allowable cost increase (τ ) rises but does not significantly change once an allowable cost increase of 1% has been reached. It is therefore most important to allow a slight increase in the planned costs to obtain more substitution possibilities with a different position. A more stringent restriction on the maximum number of substitution possibilities per duty (strategy 1.1) provides the smallest expected actual cost when the staffing requirements exhibit a small variability over the different days (i.e. a small DCD value), which is the case for the real-life staffing requirements. In this respect, counting strategy 1.1 ensures that a lower number of substitution possibilities can be better distributed over the days and shifts to enhance their position and to achieve a smaller number of shortages and cancellations in the operational allocation phase. As such, counting strategy 2.3 always leads to a significantly higher expected actual cost due to a poor positioning of an excessive number of substitution possibilities leading to a high number of shortages, changes and cancellations, which is especially true for a rising allowable cost increase (τ ). The number of substitution possibilities that may be counted for one employee per day ( ) should generally be restricted. However, this number actually depends on the degree of cross-training of the workforce and the potential number of substitution possibilities available in the constructed personnel shift roster, i.e. the implicit flexibility. For a high number of multi-skilled employees, it is important to limit the number of substitution possibilities that may be counted per employee, i.e. = 1. This limitation facilitates a focus on the definition of the most important substitution possibilities in terms of their position in the personnel shift roster. In contrast, a low number of multi-skilled employees represents less implicit flexibility and more substitution possibilities should be added. Therefore, a sufficient number of substitution possibilities should always be available in the operational allocation phase. This can be ensured by applying the adequate counting strategy and allowable cost increase (τ ). In this respect, a lower number of multi-skilled employees and a smaller number of implicit substitution possibilities require a less restrictive counting strategy (strategy 2.2) in combination with a higher allowable cost increase (τ ). As more substitution possibilities are implicitly available, the focus should move to a counting strategy that better reflects the actual situation in the operational allocation phase, i.e. each scheduled employee can be substituted by maximum one other employee and a single employee may only be reassigned to one other duty in the operational allocation phase (strategy 1.2). The impact of the value strategies Table 5 shows the planned performance corresponding to the defined value strategies (cf. Eqs. 20-22) for counting strategy 1.2 and an allowable cost increase τ of 1%. Value strategy 1, which defines constant substitution benefit values, exhibits the smallest planned cost and the highest substitutability value and number of substitution possibilities. In contrast, value strategy 2 leads to the largest planned cost.
The results in Table 5 represent personnel shift rosters constructed with a benefit value γ equal to 1.50, which results in the best expected actual performance. Note that a smaller (larger) value for this parameter leads to a lower (higher) planned cost and planned substitutability value. Figure 2 displays the expected actual cost for the different value strategies. The best results are clearly obtained by applying a value strategy that considers the demand profile in the definition of the substitution benefit values, i.e. strategies 2 and 3. This confirms that the position of the substitution possibilities is of major importance. In this respect, value strategy 3 leads to the best positions and is especially useful when the staffing requirements exhibit a large variability over the days in the planning horizon (i.e. a large DCD value). In contrast, strategy 2 provides the best results when the staffing requirements exhibit a small variability over the days in the planning horizon, which is the case for the real-life staffing requirements.
Moreover, the substitution benefit value γ has a significant impact on the weighting and positioning of the substitution possibilities and, consequently, on the expected actual performance of a baseline personnel shift roster. In this respect, the substitution benefit value should be set highest for those demand profiles with a high variability in the staffing requirements (i.e. high DCD and SCD values) when value strategy 2 or 3 is utilised. These strategies consider the demand profile and focus on those shifts with the highest staffing requirements. In order to ensure that shifts with smaller staffing requirements are also protected with some additional flexibility, the substitution benefit value γ should be sufficiently high. 
The impact of the individual substitution types
The employee substitutability optimisation model (Eqs. (1)- (12)) concurrently considers the three types of substitutions. However, it is possible to adapt this model by adding constraint (23a), constraint (23b) or constraint (23c) to optimise employee substitutability solely based on between-skill substitutions, within-skill substitutions or day-off-to-work substitutions, respectively.
Regardless of the considered substitution types, the general conclusions concerning the cost of robustness, counting strategies and value strategies remain valid. However, as a result of restricting the substitution types, the potential number of substitution possibilities available in the baseline personnel shift roster, i.e. the implicit flexibility, is smaller. In this respect, more substitution possibilities need to be explicitly added by applying counting strategy 2.2 in conjunction with a larger benefit value γ . The individual substitution types only affect the planned performance of personnel shift rosters in terms of planned substitutability value and the associated number of substitution possibilities. However, they do have an important impact on the expected actual performance in the operational allocation phase. In this phase, a change cost c wδ imd j is accounted if an assignment is adjusted, i.e. a substitution is executed. In Table 6 , we distinguish four operational change cost scenarios in relation to the considered substitution types in the tactical scheduling phase. Figure 3 displays the expected actual cost for the individual and combined substitution types as a function of the degree of cross-training of the workforce. It is clear that the lowest expected actual cost and, hence, the highest flexibility are obtained when all substitution types are considered, which indicates that the substitution types are complementary. When we analyse the results in relation to the degree of cross- Fig. 3 The evolution of the expected actual cost for different substitution types and degrees of cross-training of the workforce training, we observe that for a low number of multi-skilled employees, the within-skill substitutions offer the highest flexibility and have a better expected actual cost than the between-skill and day-off-to-work substitutions. As the number of multi-skilled employees rises, however, the between-skill substitutions offer the lowest expected actual cost and highest flexibility. The figure clearly shows that the between-skill substitutions are unable to provide a good expected actual performance when the degree of cross-training is less than 50%. This is due to the high number of staff shortages. As the degree of cross-training increases, the number of staff shortages decreases. However, since multi-skilled employees receive a higher wage than single-skilled employees, there is an increase in the expected actual cost when the degree of cross-training is more than 50%. In contrast, when considering within-skill substitutions only, the expected actual cost steadily increases with a higher number of multi-skilled workers, whereas the num-ber of shortages remains rather constant. When focusing solely on day-off-to-work substitutions, the increase of the expected actual cost is smaller due to the decrease of the number of shortages when the degree of cross-training increases. The latter is the result of the larger flexibility embedded in the day-off assignments of employees, who can be reassigned to each duty, regardless of the corresponding skill. As such, the day-off-to-work substitutions outperform the within-skill substitutions for a large number of multi-skilled employees.
In general, we can conclude that it is important to exploit the multi-skilled nature of employees by considering between-skill and day-off-to-work substitutions. Additionally, within-skill substitutions provide extra flexibility in the personnel shift roster and are complementary to the other two substitution types. Table 7 shows the planned performance associated with different sizes of the additional group staffing requirements R w,+ md j calculated as a fixed ratio (i.e. 0%, 25%, 50%, 75% and 100%) of the minimum staffing requirements R w md j . In this respect, a ratio of 0% results in a personnel shift roster that represents the same planned cost as the minimum cost personnel shift roster (cf. Table 3 ). As the additional group staffing requirement rise, however, the planned cost increases due to a higher total assignment cost as a result of a higher number of working assignments and/or a higher number of assignments for multi-skilled workers. Note that the reported results in Table 7 represent the average over all skill possession settings and demand profiles (cf. Sect. 5.1). As such, it is not possible to avoid a certain level of understaffing (0.02) in some cases, which is caused by the hard minimum rest constraint (cf. Eq. 4). Figure 4 shows that the overstaffing increases as the desired group staffing requirements increase. This is due to the fact that the group staffing requirements cannot be entirely satisfied by scheduling multi-skilled employees, especially if the number of multi-skilled employees is low. As such, additional working assignments are sched- Planned overstaffing
Employee substitutability on a group level
Degree of cross-training (m 1,2 %) 0% 25% 50% 75% 100% Fig. 4 The evolution of planned overstaffing for different sizes of the additional group staffing requirements and degrees of cross-training of the workforce uled and create capacity buffers that augment the available cross-training (CT ) and cross-training surplus (CT + ). The average expected actual performance of personnel shift rosters for different sizes of the additional group staffing requirements is displayed in Table 8 . In this table, we report the results obtained by considering all substitution types (cf. Table 6 ) and show that the best expected performance is obtained with an additional group staffing requirement ratio of 25%, for which we observe the smallest number of shortages and cancellations. Larger and smaller ratios result in more shortages and cancellations. The cancellations are especially large for high group staffing requirements in combination with a small number of multi-skilled employees, which indicates a poor positioning of excessive capacity buffers. Moreover, the expected number of utilised substitutions decreases as the size of the additional group staffing requirements rises, which is mainly due to a reduction in the day-off-to-work substitutions.
It is also important to note that the size of the additional group staffing requirements depends on the ratio between the total minimum staffing requirements (R w md j ) and the total number of hired employees, i.e. the TCC value. As the total staffing requirements rise or the number of hired employees declines, the optimal size actually decreases because a large TCC value in combination with a high desired size actually results in substantial group staffing requirements (R w,+ md j ). This is especially problematic for a low number of multi-skilled employees. In this case, the group staffing requirements need to be primarily satisfied by capacity buffers. However, the total capacity buffer that can be scheduled is limited by the total minimum staffing requirements (R w md j ) and the time-related constraints. As such, it becomes difficult to appropriately position the capacity buffers, which is already identified by Ingels and Maenhout (2015) .
Robustness validation of employee substitutability
In this section, we compare the resulting robustness for different proactive scheduling strategies applied to construct a personnel shift roster for the real-life staffing requirements. In this respect, we consider the average results over all hiring levels for the minimum cost roster without an increased employee substitutability ('minimum cost'), the personnel shift roster with group employee substitutability ('group substitutability') and a personnel shift roster with individual employee substitutability ('individual substitutability'). Figure 5 represents the variability of the expected actual cost corresponding to the different scheduling strategies and substitution types (cf . Table 6 ) for the real-life demand profile with the highest minimum staffing requirements. In this respect, we distinguish the best-case, average and worst-case expected actual cost and notice that considering any form of employee substitutability results in the lowest cost through a significantly lower number of shortages. Moreover, group employee substitutability is especially useful if only between-skill substitutions are considered.
We display the worst-case expected actual cost for the between-skill substitutions according to the different scheduling strategies in Fig. 6 . This figure confirms the dominance of including some substitutability in the optimisation model over the minimum cost strategy for different degrees of cross-training of the workforce. Moreover, Fig. 6 indicates that the overall performance of the group substitutability actually stems from the beneficial impact of the created capacity buffers for a low number of multi-skilled employees in the tactical scheduling phase (cf. Fig. 4) . As the number of multi-skilled employees rises, the individual employee substitutability strategy provides the best results. In order to compensate the poor performance of individual employee substitutability for a small number of multi-skilled employees, the value of within-skill and day-off-to-work substitutions should be optimised. In this respect, when all substitution types are considered, we notice that individual employee substitutability continuously outperforms group employee substitutability for all skill possession settings.
Regardless of the hiring level and the artificial and real-life demand profiles, employee substitutability on the level of the individual employee provides personnel shift rosters that exhibit a smaller variability and therefore a good average, best-case 10,500.00 10,900.00 11,300.00 11,700.00 12,100.00 12,500.00 Fig. 6 The worst-case expected actual cost for the between-skill substitutions and worst-case expected actual performance in the operational allocation phase. In fact, personnel shift rosters with individual employee substitutability are actually able to achieve a similar or better expected actual performance in terms of shortages with a smaller number of multi-skilled employees in comparison with the minimum cost personnel shift roster. In this respect, the personnel shift rosters with employee substitutability require less implicit flexibility in terms of multi-skilled employees to achieve the same or a higher flexibility. However, it is important to facilitate this flexibility in the operational allocation phase by limiting the change cost (c wδ imd j ). Otherwise, the number of executed substitutions decreases and the individual employee substitutability strategy loses its value. In this case, personnel shift rosters with capacity buffers obtained by considering group employee substitutability provide a better actual performance.
Conclusions
In this paper, we consider a bi-objective personnel scheduling model that not only minimises the personnel assignment cost, but also maximises the employee substitutability to improve the robustness of a personnel shift roster. We define employee substitutability on the group level and on the level of the individual employee. Employee substitutability on the group level is characterised by group staffing requirements that determine the desired number of employees to be on duty able to carry out a specific skill. In order to maximise the individual employee substitutability of a tactical personnel shift roster, we consider three types of substitution possibilities between personnel members, i.e. between-skill, within-skill and day-off-to-work substitutions. Since we want to investigate the cost of robustness, we propose a two-phase pre-emptive programming approach.
The best strategy to improve the flexibility and the corresponding robustness of a tactical personnel shift roster is to define employee substitutability on the level of the individual employee. In the design of the proactive strategy as a proxy for the uncertainty and variability in the operational allocation phase, it is important to apply the correct strategy to count the number of substitution possibilities and to define the associated objective function structure in the tactical scheduling phase.
The best strategy and objective function structure should depend on the variability of the minimum staffing requirements and the implicitly available flexibility, i.e. the number of multi-skilled employees and the considered substitution types, such that a sufficient but not excessive number of substitution possibilities is available and appropriately positioned. In this respect, the number of substitution possibilities that may be counted per duty should be limited to the minimum staffing requirements or to the number of scheduled duties in case of a small and large variability of the minimum staffing requirements, respectively. Moreover, a low implicit flexibility requires the definition of more additional substitution possibilities than a high implicit flexibility. This means that a low implicit flexibility requires a counting strategy that allows the definition of an unrestricted number of substitution possibilities per employee. In contrast, a higher implicit flexibility benefits from a more restrictive counting strategy. As such, the strategy should reflect the actual situation in the operational allocation phase where a single employee may only be reassigned to one other duty. In order to facilitate the availability and fitting positioning of these substitution possibilities, an appropriate cost of robustness and substitutability value should be defined. As more substitution possibilities need to be added and positioned, a higher cost increase or cost of robustness needs to be tolerated in the tactical scheduling phase. Furthermore, the position of the substitution possibilities should be carefully considered by determining the associated value based on the structure of the minimum staffing requirements.
Future research should focus on an expansion of the problem definition by considering hierarchical and fractional skills. Moreover, the planning horizon to adjust the baseline personnel shift roster in the operational allocation phase can be expanded to enable the reassignment of all future assignments.
The objective function (Eq. 24) minimises the wage cost, roster change cost, preference penalty cost, cancellation cost and the cost for understaffing. The objective function weights are as follows, i.e.
-Every employee has a wage cost (c w imd j ) of 10×1.2 m∈G b im −1 . -The roster change cost (c wδ imd j ) depends on the chosen scenario (cf. Table 6 ). -Every employee has a preference penalty cost ( p id j ) that is randomly generated in the range of 1 to 5. -The duty cancellation cost (c v id ) is 5. -The shortage cost (c wu md j ) is fixed at 20. Constraint (25) imposes the staffing requirements and every employee can only receive a shift assignment if (s)he is available (Eq. 26). Constraint (27) ensures that every employee receives either a shift assignment or a day off. The shifts assigned to the employees need to satisfy the time-related constraints (Eqs. 4-7). The satisfaction of the minimum rest period (Eq. 4), maximum number of hours that can be assigned (Eq. 5) and maximum consecutive working assignments (Eq. 7) is ensured through the definition of κ α id j in constraint (28). Finally, constraint (29) ensures that every employee works a minimum number of hours over the complete planning period (Eq. 6). Note that if an employee is unavailable on a working day (a id =0), we adapt the minimum number of hours for this employee such that the employee does not have to catch up this duty. We define the integrality conditions in Eq. (30).
